Abstract-A novel parallel non coupled metallic strips frequency selective surface (FSS) is presented. The design is based on a filter composed of horizontal and vertical metallic strips. The structure has the advantage of simplicity and gives multi resonant frequencies easily controlled by a simple variation in the strips length. The proposed FSS rejects frequencies at 7GHz, 9.4GHz with bandwidths of 0.646GHz, 0.793GHz respectively when the structure is excited with an x polarized plane wave, and two frequencies at 9.1GHz and 11.2 GHz with bandwidth of 280.3MHz, 63MHz respectively when the structure is excited with a y polarized plane wave. To suppress frequencies ideal diode on reverse bias are inserted. The simulated results obtained using WCIP (Wave Concept Iterative Method) are compared to the COMSOL Multiphysics 4.3b software results, and measurements, a good agreement is observed. Then, an FSS synthesis approach based on non coupled parallel metallic strips is presented. It provides synthesized FSS with resonant frequencies ranging from 4.5GHz and 12.25 GHz for metallic strips lengths inversely varying from 5mm to 19mm. To validate the synthesis approach, measured resonant frequencies are used as desired resonant frequencies to determine the metallic strips lengths. As a result the metallic strips FSS dimensions are extracted. At this stage the WCIP method is used to characterize the synthesized FSS. Three FSSs are synthesized based on the fabricated FSS and good agreement between measurements and synthesized FSSs results is recorded.
I. INTRODUCTION Frequency selective surface (FSS) is a 2D-periodic planar structure consisting of one or more patches or slots etched on a dielectric substrate to operate as band stop or band pass filters respectively [1] [2] [3] .
Over the years the FSS was widely investigated for a variety of applications as frequency filters ranging from microwave systems in high performance reflector antenna systems, or advanced radome designs, to infrared devices and optical signals [4] [5] [6] . The bandwidths performances are one of the important subjects of researches, with the diversity of the wireless communications systems and the increase of the number of users. Having structures with multi band applications has become a necessity. The FSS frequency response depends on several factors: the incident wave polarization, the substrate thickness and permittivity, the spacing between the element, and the choice of the elements geometry which is the important one [7] .
In this paper the analysis of simple FSS based on parallel non coupled metallic strips using WCIP (Wave Concept Iterative Method) is presented. The structure has two resonant frequencies when the structure is excited with an x-polarized plane wave and also two resonant frequencies when the structure is excited with a y-polarized plane wave. The effect of the metallic strips lengths and strips spacing on the resonance frequencies is studied. The parametric study results in a determination of metallic strips minimum spacing to provide strips decoupling. Frequency tenability is obtained by varying the strips lengths. Another method often used to obtain a variable FSS frequency response is the use of inversely biased PIN diodes to switch the FSS diodes between the ON and the OFF states [7] .
The WCIP results are compared to the COMSOL Multiphysics 4.3b software results, and the measurements, a good agreement is observed.
For a priory choice of the FSS resonant frequencies number and values based on the available substrates, a synthesis approach based on non coupled parallel metallic strips and a ring is introduced.
First the characteristic strip/ring curve is determined using the WCIP method for strip lengths ranging from 6mm to 19mm and for the ring outer circumference varying from 34mm to 58mm. To validate the presented synthesis approach, measured resonant frequencies of three manufactured FSSs are input to the proposed approach as desired resonant frequencies to extract the necessary metallic strips lengths. Thus all the metallic strips FSS dimensions are determined. To analyze the synthesized FSS the WCIP method is used. The presented synthesis approach allows also the determination of an equivalent metallic strips based FSS for complexes FSS structures. Good agreement between measurements and WCIP results obtained for the synthesized FSSs is observed.
II. WCIP FORMULATION
The simplicity of the WCIP procedure is based on Fast Modal Transform (FMT) switching between spatial and spectral domain and the convergence is insured independently of the circuit complexity [8] [9] [10] .
In the WCIP method the FSS analysis is reduced to that of the unit cell limited by periodic walls shown as dashed lines in Fig. 1 . The FSS unit cell is composed of two domains corresponding to the metal domain and the dielectric domain as shown in Fig. 1 . The incident waves on the FSS unit cell and reflected waves from the FSS unit cell are described at the boundaries interfaces as a function of the tangential electric field and the transverse electric current densities as [11] , [12] :
With:
is the transverse magnetic field, represents the wave impedance of the middle i, (i is the medium index (i=1 ,2)), and it is expressed as: .
The diffracted waves at the k th iteration are obtained from the incident waves by [13] :
is the diffraction operator at the interface containing the FSS circuit and it is defined in the spatial domain. It is determined from the geometry of the planar unit cell and the boundary conditions at the interface [14] .
The diffracted waves are projected into periodic wall rectangular wave guide modes basis (TEM mode, TE modes and TM modes) making a complete modal basis. Each resulting mode propagates independently of the all the other modes since they are uncoupled in the modal domain. Thus each
mode is reflected with a specific reflection coefficient [15] at the dielectric medium discontinuity made by the substrate and the air due to the hypothetical rectangular waveguide's modes closing impedances. Thus the reflection operator in defined in the modal domain .
The reflected waves are equal and the next iteration incident waves of the (k+1) th iteration is obtained by adding the wave source to the reflected waves [13] as:
Where is the reflection operator defined in the modal domain.
The fast modal transform (FMT) and its inverse (FMT -1 ) necessary at each iteration and given in [13, 16, 17, 18] allows the transition from the spatial domain to the modal domain and vice versa as:
The iterative procedure is repeated until convergence of the input admittance Y in is obtained. The WCIP method's convergence is ensured independently of the analyzed structure due to bounded reflection operator.
The tangential electric and magnetic fields can be calculated from the diffracted waves and the reflected waves as [16] :
III. FILTER CONFIGURATION Initially, the FSS arrangement shown in Fig. 2 Fig. 2 .a. As shown in Fig. 3 the structure presents two resonant frequencies at about 7.1GHz and 9.4GHz
with bandwidths of 0.646GHz, 0.793GHz at -10dB respectively when it is excited with an x polarized plane wave, and two resonant frequencies at about 9.1GHz and 11.2GHz with bandwidths of (b) (a) 280.3MHz, 63MHz respectively when the structure is excited with a y polarized plane wave. 
A. Metallic strips coupling effect study
To study the metallic strips coupling effect of the structure shown in Fig 
B. Frequencies tenability
The two resonant frequencies characterizing the FSS structure of Hence the different resonant frequencies can be independently controlled by only varying the strips
Moreover the resonances can be separately eliminated by only removing the strip responsible of the resonance. The simulated results obtained using WCIP are compared to the simulated results and a good agreement is reported. The resonant frequency of a linear metallic strip FSS simulated by the WCIP method and calculated also by equations (10) and (11) [19] [20] [21] is given in Table I for different strip lengths. 
The error rises from the non precise given in equation (11) . The resonant frequency of a rectangular metallic ring FSS can be also calculated by equations (10) and (11) by replacing the parameter 2L by the ring outer circumference. Hence in order to determine an FSS metallic strip/ring length resonating at a given resonant frequency, a more precise approach is to be adopted.
C. Electronically controlled FSS resonant frequencies
The suppression of one of the resonant frequencies can be achieved by inserting a gap of To add a third resonance in the x polarization, a horizontal strip is added as shown in Fig. 12 . The structure of Fig. 12 has the following dimensions:
In the x polarization three resonant frequencies are observed at about 7 GHz, 8.6GHz and 11GHz as shown in Fig. 13 . To save a space and get three resonant frequencies in both directions of polarization a rectangular ring is added in the structure of Fig. 2 . Fig. 14 As shown in Fig. 15 the structure presents three resonant frequencies at about 6.1GHz, 9.3GHz and 
V. FSS SYNTHESIS BASED ON NON COUPLED PARALLEL METALLIC STRIPS AND A RING
A multiband FSS with dual polarization can be synthesized only by giving the corresponding strips lengths and their number being equal to the number of the desired resonant frequencies in the two polarizations.
The structure that can be fabricated in the laboratory is an array of 10x10 cells with cell dimensions a=b=20mm, a substrate thickness of 1mm and a relative dielectric constant of 4.4.
An FSS with an adjusted resonant frequency can be also obtained from rectangular metallic ring length's variation since its resonance occurs when the operating wavelength is equal to the circumference of the ring. The outlines of the procedure of FSS synthesis based on metallic strips and a ring are summarized in the flowchart given in Fig. 16 .
length L a varies from 5mm to 16mm. The FSS structures substrate have a 1 mm thickness and a 4.4 dielectric constant. They are excited with an x-polarized normal incident plane wave. The presented approach is summarized in the flowchart shown in Fig. 18 . First of all, the type of FSS is to be chosen between an FSS made of only parallel metallic strips and an FSS made of parallel metallic strips and a ring. Once the FSS type is chosen, the desired resonant frequencies are inserted once a time in Fig. 19 and the corresponding curve either the strip curve or the ring curve is used to extract the strips length and/or the ring length L a representing the remaining dimension to be determined in order to end with an FSS with the desired frequency response.
Using the WCIP method and the simulator, the resonant frequency of the FSS structures of Tables II and III The recorded error in the resonant frequency obtained by the proposed approach as compared to measurement varies from 0.64% to 3.37% whereas the error produced using equations (10) and (11) reaches 64.51%. Dual polarized FSS with parallel metallic strips and a ring: Table IV and Table V As shown in Tables IV and V the error in the resonant frequencies calculated by the proposed approach remains less than 3.61% however the error percent of the resonant frequencies calculated by equations (10) and (11) varies between 36.51% and 70.50%.
Dual polarized parallel metallic strips FSS:
The presented synthesis approach anticipates more precisely the resonant frequency of the metallic strip/ring FSS. Using Fig. 19 to extract pairs of resonant frequencies and strip/ring lengths (f r , L i ) then inserting them a pair at a time in equation (12) obtained from equation (10), a curve relating the The comprehension of the electromagnetic behavior of a structure makes it more useful. Complex structures don't always offer this characteristic. Thus, introducing an approach for obtaining equivalent structures based on non coupled metallic strips is important in such a way that each resonant frequency of the equivalent structure can be easily represented by a simple independent resonant circuit.
In this part the equivalent structure of an open notched quasi-square metallic ring shown in Fig. 25 is determined and it is based on parallel metallic strips. The structure presented in [22] has three resonant frequencies at about 9GHz, 11.6GHz and 12GHz for an x polarized source and 6.8GHz in the case of a y polarized source. Using Fig. 19 , each resonant frequency gives a value of the physical metallic strip's length that can produce this resonant frequency. By adopting the arrangement shown in Fig. 2 .b, the metallic strips are not coupled. Hence each resonant frequency can be independently produced by one metallic strip. The equivalent FSS based on parallel metallic strips is depicted in Fig. 26 . It has three strips in the x directions corresponding to three resonant frequencies when the structure is excited with an x polarized plane wave source, and a single strip in the y direction to produce one resonant frequency when the structure is excited with a y polarized plane wave.
The equivalent structure shown in Fig. 26 has the following dimensions: a=b=20mm, L 1 =10.3mm, Table VI shows the obtained strips lengths using the present approach based on Fig. 19 . It provides also the error in the present approach resonant frequency as compared to the measured resonant frequencies of [22] for both x and y polarized sources exciting the equivalent dual polarized FSS based on parallel metallic strips. It does not exceed 2.9% recorded for the y polarized source. The transmission power of the open notched quasi-square metallic ring [22] shown in Fig. 25 and its equivalent structure based on metallic strip shown in Fig. 26 for the x and y polarization directions are shown in Fig. 27 . 
VII. CONCLUSION
A Dual polarized parallel metallic strips FSS and dual polarized FSS with parallel metallic strips and a ring for multi band applications are proposed. The first proposed structure shows two resonant frequencies at 7 GHz, 9.4GHz when the structure is excited with an x polarized plane wave, and two resonant frequencies at 9.1GHzand 11.2GHz for the orthogonal source polarization. The second proposed FSS structure shows three resonant frequencies for the x polarized source at 6.1GHz, 9.3GHz 10.5GHz and three resonant frequencies for the y polarized source at 6.1GHz 8. 
